Arginine methylation is a common posttranslational modification that is found on both histone and non-histone proteins. Three types of arginine methylation exist in mammalian cells: monomethylarginine (MMA), asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA). PRMT1 is the primary methyltransferase that deposits the ADMA mark, and it accounts for over 90% of this type of methylation. Here, we show that with the loss of PRMT1 activity, there are major increases in global MMA and SDMA levels, as detected by type-specific antibodies. Amino acid analysis confirms that MMA and SDMA levels accumulate when ADMA levels are reduced. These findings reveal the dynamic interplay between different arginine methylation types in the cells, and that the pre-existence of the dominant ADMA mark can block the occurrence of SDMA and MMA marks on the same substrate. This study provides clear evidence of competition for different arginine methylation types on the same substrates.
Arginine methylation is a common posttranslational modification that is found on both histone and non-histone proteins. Three types of arginine methylation exist in mammalian cells: monomethylarginine (MMA), asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA). PRMT1 is the primary methyltransferase that deposits the ADMA mark, and it accounts for over 90% of this type of methylation. Here, we show that with the loss of PRMT1 activity, there are major increases in global MMA and SDMA levels, as detected by type-specific antibodies. Amino acid analysis confirms that MMA and SDMA levels accumulate when ADMA levels are reduced. These findings reveal the dynamic interplay between different arginine methylation types in the cells, and that the pre-existence of the dominant ADMA mark can block the occurrence of SDMA and MMA marks on the same substrate. This study provides clear evidence of competition for different arginine methylation types on the same substrates.
A rginine methylation is an abundant posttranslational modification (PTM), with about 0.5% of arginine residues methylated in mammalian tissues 1, 2 , and roughly 2% of arginine residues methylated in rat liver nuclei 3 . This common PTM has been implicated in the regulation of a large number of cellular processes 4 , and is often deregulated in cancer 5 . Three types of methylarginine species exist: v-N G -monomethylarginine (MMA) The formation of MMA, ADMA and SDMA in mammalian cells is performed by a family of nine protein arginine methyltransferases (PRMTs) 4 . PRMT1, 2, 3, 6, 8 and CARM1 (also called PRMT4) are Type I arginine methyltransferases that deposit the ADMA mark. PRMT5 is the primary Type II arginine methyltransferase that deposits the SDMA mark. PRMT7 has also been shown to display weak Type II activity, but is primarily responsible for depositing the MMA mark, thus categorizing it as a Type III enzyme 6 . PRMT9 has yet to be fully characterized.
The majority of the PRMTs methylate glycine-and arginine-rich (GAR) motifs within their substrates, a motif that supports both ADMA and SDMA marks 7 . CARM1 displays unique substrate specificity in that it does not methylate GAR motifs 8 , but rather a PGM motif, which is proline-, glycine-and methionine-rich 9 . PRMT5 can also symmetrically dimethylate arginine residues within PGM motifs 9 . Thus, CARM1 substrates (SmB, CA150, PABP, U1C and SF3B4) and PRMT1, 3, 6 and 8 substrates (GAR) can also be symmetrically methylated by PRMT5 9 . However, because these methylatable regions harbor multiple arginine residues, it is unclear if these different types of arginine methylation (ADMA and SDMA) compete for the same arginine residue(s) within GAR and PGM motifs. It is generally felt that monomethylarginine is a precursor state to ADMA and SDMA, and MMA is thus a relatively low abundant intermediate, but some Type I PRMTs may selectively monomethylate a select few substrates. Moreover, a few substrates may be heavily monomethylated due to the predominant Type III activity reported for PRMT7 6 . To investigate the propensity of different PRMTs to mono-methylate substrates, we used a panel of methylarginine-specific antibodies that specifically detect this methyl-mark. We also used a set of PRMT knockout and knockdown cell lines to investigate which of the PRMTs (PRMT1, 3, 4, 5 and 6) are primarily responsible for depositing the MMA mark. We do not yet have a well-characterized set of PRMT7 knockout or knockdown cell lines, so this enzyme was not included in the screen. The MMAspecific antibodies detected a number of methylated proteins by Western analysis. Unexpectedly, we found that very few bands were lost when individual PRMTs were knocked-out or knocked-down. Even more surprising is the observation that MMA levels actually increase when PRMT1 is knocked-out. Further analysis showed that both MMA and SDMA levels are dramatically increased in PRMT1-null cells. Thus, loss of PRMT1 activity could impact substrate protein function, not by loss of methylation, but rather by switching to a different methylation type.
Results
Methyl-arginine specific antibodies reveal methylation type switching with PRMT1 loss. A panel of mono-methyl arginine antibodies was developed by Cell Signaling TechnologyH (CST). A GAR motif (Rme1GG) was used as the antigen to generate the MMA1 antibody, and degenerate peptide with a single fixed mono-methyl arginine residue (Rme1XX) was used as an alternative antigen to generate the MMA2-5 antibodies. To characterize these antibodies, we tested them on total cell lysates for PRMT1 wild-type and null cells. The loss of PRMT1 is not compatible with cell viability, so we used a floxed MEF cell line that can be treated with tamoxifen (OHT) to induce PRMT1 loss (PRMT1 fl/2 ER-Cre MEFs) 10 . The cell lysates are harvested eight-days after OHT-treatment, which is a few days (2-4 days) prior to cell death. PRMT1 has long been known to generate MMA and ADMA marks in vitro 11 . We anticipated that in cells, certain PRMT1 substrates would be monomethylated and others would be dimethylated, and that both types of methylation would be lost with PRMT1 removal. Unexpectedly, we observed an increase of immune-reactivity with all five different MMA antibodies upon loss of PRMT1 activity (Fig. 1A) . We expanded this study using cell lysates from knockout PRMT3, CARM1 and PRMT6 cells (Fig. 1B-D) . The phenomenon of massive MMA increase was not observed with the loss of these other three PRMTs. We next investigated the effect of PRMT5 knock-down on MMA levels (Fig. 1E) . Again, we did not see the large-scale generation of monomethylated substrates with the reduction of PRMT5 levels. However, there is one protein that migrates at 25kDa and becomes monomethylated with PRMT5 knock-down. Thus, the loss of PRMT1 activity seems unique in its ability to facilitate the wholesale generation of monomethylated substrates.
MMA and SDMA levels reach a maximum within 4-6 days after PRMT1 loss. Next, we investigated the dynamics of ADMA loss and MMA gain, after PRMT1 removal. This experiment was again facilitated by the availability of the PRMT1 fl/2 ER-Cre MEFs. Once these cells are treated with 4-hydroxytamoxifen (OHT), the Cre activity is translocated into the nucleus where it removes the floxed PRMT1 allele. The cellular PRMT1 protein levels immediately begin to drop, and by day-2 trace amounts of PRMT1 are seen, with no PRMT1 protein observed by day-4 post OHT-treatment (Fig. 2C , middle panel). Concomitant with PRMT1 protein loss, we observe an increase in MMA levels ( Fig. 2A) along with the expected loss of ADMA levels (Fig. 2B) . After an initial dramatic loss of ADMA levels we see some compensation, as well as novel substrate methylation, which begins at day-4 post PRMT1 loss. This could be due to the cell attempting to compensate for PRMT1-loss with the overexpression of other PRMTs. We thus tested the expression levels of CARM1 and PRMT3, 5, 6, 7 at four-and eight-days after PRMT1 removal (Supplemental Fig. 1 ). At the 4-day time-point, we do not observe any major increase in the protein levels of these five PRMTs. However, on the 8 th day we do see an attempt made by the cells to compensate for PRMT1 loss by elevating PRMT6 and PRMT7 levels, and we also see streaking of CARM1 by Western analysis, perhaps signifying hyper protein modification. It is important to note that while we do not see any PRMT expression level compensation at day-4 we do see a dramatic increase in MMA levels at this time point, indicating that this increase in MMA levels is not linked to the overexpression of the tested PRMTs (although not all PRMTs were tested). We also evaluated SDMA level changes during the 10-day period after PRMT1 removal and noted a significant increase in symmetrical dimethylation that accompanies MMA increase, after PRMT1 loss (Fig. 2C) .
Amino acid analysis confirms the global accumulation of MMA and SDMA levels with PRMT1 loss. To independently confirm the dramatic elevation of cellular MMA and SDMA levels observed in PRMT1-deficient cells using antibodies ( Fig. 1 and Fig. 2 ), we isolated and acid hydrolyzed proteins from PRMT1 wild-type and PRMT1 fl/2 ER-Cre MEFs treated with tamoxifen for 7 days. To quantitate methylated arginine residues in MEFs, we developed a novel two-dimensional approach that takes advantage of the high resolution of cation-exchange and reverse-phase columns coupled to the sensitivity of the fluorescence labeling ( Fig. 3 and Supplemental  Fig. 4 ). PRMT1 wild-type or knockout acid hydrolysates were first separated by high-resolution cation exchange chromatography. The fractions obtained were then labeled with o-phthaldialdehyde (OPA) to enable the detection of picomole levels of amino acids after a second step of separation using two conditions of reverse-phase HPLC to quantitate MMA, SDMA, and ADMA relative to the level of arginine (Supplemental Fig. 5 ).
We found that MMA levels increased almost five-fold in the PRMT1 knockout cells compared to wild type cells (Table 1) . Additionally, we found that the level of SDMA was also increased almost 3-fold in the PRMT1 knockout cells (Table 1) . These results support the conclusion from the antibody studies that both MMA and SDMA levels rise with the loss of the major protein arginine methyltransferase. As a control, we measured the level of ADMA residues and found a 50% reduction in the PRMT1 knockout cells as would be expected from the loss of a major type I PRMT (Table 1) . These results also demonstrate the prevalence of protein arginine methylation in MEF proteins. We find about 0.4 residues of ADMA per 100 arginine residues; the levels of MMA are roughly 35-fold lower and SDMA levels are about 10-fold lower. Thus, ADMA is the predominant methylated arginine residue in MEFs. The levels we have observed here in wild-type MEFs are comparable to those previously shown for rat brain and liver (Supplemental Table 1 ). The content of ADMA and SDMA is similar in MEFs and rat brain and liver, whereas the levels of MMA are significantly lower in MEFs. We note that in the subfraction of nuclear proteins, ADMA levels may reach 1 to 2% of arginine residues [1] [2] [3] . The compensatory increases in MMA and SDMA levels seen here in PRMT1 knockout MEFs supports the hypothesis that ADMA marks play a key role in the interplay of global arginine methylation events.
Discussion
Classic studies in the protein methylation field have estimated the ratios of the different types of arginine methylation across a large number of tissue and cell types to be roughly as follows -1500535251 for Arg:ADMA:MMA:SDMA 1, 2 . We have found that ) 6 is shown in the control chromatograph (a). The separation of these amino acids is typical, although small changes in the elution times can occur between runs. Cell hydrolysates were then chromatographed without standard amino acids and fractions analyzed by reverse-phase HPLC after derivatization with OPA for fluorescence quantification as described in "Methods". HPLC conditions were optimized to separate the large pool of arginine from ADMA and SDMA in wild-type (b) and PRMT1 knockout (c) and from MMA in wild-type (d) and PRMT1 knockout (e) samples (Supplemental Fig. 5 ). The total amount of a given species was quantified by summing the integrated area under the curve for all HPLC fractions containing the respective species that are consistent with the migration on the cation-exchange column. once PRMT1 activity is removed there is a large increase in global levels of both MMA and SDMA, and consequently a major realignment of these ratios. This is likely due to the fact that PRMT1 is the primary type I enzyme, accounting for about 90% of global ADMA deposition 12 . This dominant activity of PRMT1 seems to keep the other PRMTs in check. With the loss of PRMT1, a large number of substrates become targets for Type II and III PRMTs, because these substrates are presumably no longer blocked by an ADMA modification. It is well established that the same arginine residues can be targeted by both Type I and Type II PRMTs, especially in the context of histone tail methylation 13 , but the extent of this competition was unappreciated until now.
We considered the possibitity that PRMT1 may be complexed with another PRMT, which may deposit a MMA mark and act as a priming enzyme for PRMT1. In this scenario, with PRMT1 removal the priming enzyme would still monomethylate substrates, but these substrates would never be further converted to an ADMA state. This could account for the dramatic increase in MMA levels after PRMT1 knock-out. To investigate this possibility we transfected cells with a set of GFP-PRMTs and performed a GFP immunoprecipitation followed by anti-PRMT1 Western analysis (Supplemental Fig. 2 ). Only GFP-PRMT1 and GFP-PRMT8 (a brain specific enzyme 14 ) could immunoprecipitate endogenous PRMT1, suggesting that there is not a common priming PRMT, which is complexed with PRMT1.
Only with the loss of PRMT1 activity, and not with the loss of other PRMTs, do we see massive increases of MMA levels (Fig. 1A) . However, with reduced PRMT5 activity, we observe an increase in the MMA state of a single protein that migrates at 25 kDa (Fig. 1E -arrow-head) . This is the size of the splicing factor SmB, which is a well-characterized PRMT5 substrate 15 . By immunoprecipitation of SmB, from wild-type and PRMT5 knock-down cells, we confirmed that SmB does indeed become monomethylated when PRMT5 levels are reduced (Supplemental Fig. 3 ). It is important to note that the PRMT5 knock-down is very efficient (Fig. 1E) , although likely not complete. Thus, low levels of PRMT5 may remain in the knock-down cell, and because PRMT5 displays a nonprocessive enzymatic mechanism 16 , these low levels of PRMT5 will find unmethylated SmB substrate for the first monomethylation reaction, but after release, will more likely find another unmethylated substrate, rather than a MMA substrate for conversion to a SDMA substrate. Thus, there will be an accumulation of SmB decorated with a MMA mark. This explanation will not account for the increase in MMA levels in the PRMT1 knockout cells for two reasons. First, PRMT1 is totally knocked out in these cells, and after the endogenous PRMT1 turns over there will be no enzyme present in the cells. Second, in contrast to the nonprocessive enzymatic mechanism of PRMT5 16 , PRMT1 is partially processive 17 . Finally, it is clear that by using a combination of PRMT1 fl/2 ERCre MEF cells and MMA-specific antibodies, a large number of PRMT1 substrates can be unmasked. Thus, it will be of great value to perform large-scale IP/MS (immunoprecipitation followed by mass spectrometry) experiments to identify these PRMT1 substrates.
These additional tools will help us gain a better understanding of the diverse biological functions of the PRMTs.
Methods
Antibodies. A panel of five different rabbit monoclonal antibodies was generated to recognize proteins when monomethylated at arginine residues. MMA1 (Antibody# D5A12A3) was raised against an arginine-glycine-glycine motif, monomethylated at arginine residue (XXXRme1GGXXX and called Rme1GG). MMA2-5 (Antibody# D3C4A6, D2F4E5, D1C6D1 and D7B7F1) antibodies were generated against a peptide library containing monomethylarginine surrounded by degenerate amino acids (XXXRmeXXX and called Rme1XX). Asymmetric dimethylarginine (ADMA or Antibody# BL8241) and symmetric dimethylarginine (SDMA or Antibody# BL8243) antibodies are rabbit polyclonal antibodies, which were generated against degenerate peptides containing four asymmetric or symmetric dimethylarginine residue XXRme2aXXRme2aXXXXRme2aXXXRme2aX, and XXXRme2sGRme2sGGXXXRme2sGXXXRme2sXX respectively. All the abovementioned antibodies were generated by Cell Signaling TechnologyH (CST). Plasmids and cell lines. The generation of GFP-PRMT1-6 (Frankel et al., 2002) and GFP-PRMT8 (Lee et al., 2005) constructs has been described previously. GFP-PRMT7 and GFP-PRMT9 constructs were generated by cloning the human PRMT7 or PRMT9 cDNA into pEGFP-C1 (Clontech) vectors. The CARM1 2/2 MEF line has been described previously 19 . The tamoxifen-inducible PRMT1 fl/2 ER-Cre MEF line has been described previously 10 . These MEFs were treated with 2 mM 4-hydroxytamoxifen, which stabilizes ER*-Cre (an estrogen receptor Cre recombinase fusion) and translocates it to the nucleus, which then excises the floxed prmt1 allele to generate PRMT1 KO MEFs. The PRMT3 2/2 MEF line has been described previously 18 . The PRMT6 2/2 MEF line was created by immortalizing MEFs from PRMT6-null embryos, according to standard 3T3 protocol 20 . PRMT5 stable knockdown HeLa cell lines were a gift from Sharon Dent 21 . All cell lines were maintained in Dulbecco modified Eagle medium containing 10% fetal bovine serum. PRMT1 MEFs were supplemented with 3 mg/ml blasticidin, and PRMT5 KD cells were supplemented with 5 mg/ml puromycin.
Co-immunoprecipitation and western blotting. HEK293 cells were transiently transfected with expression vectors encoding GFP-PRMT (1-9) fusion proteins using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were harvested 30 h after transfection and whole cell extracts were prepared in mild lysis buffer (150 mM NaCl, 5 mM EDTA, 1% Triton X-100, and 10 mM Tris/HCl [pH 7.5]). The lysates were incubated with GFP antibody (Life technologies) overnight at 4uC, followed by incubation with Protein A/G beads (Thermo Scientific) for 1 h. The beads were washed three times with lysis buffer and boiled in loading buffer to elute bound proteins.
The immunoprecipitated samples or whole cell extracts were separated by SDS-PAGE and transferred onto PVDF membranes. Blots were blocked in PBS-Tween 20 containing 5% nonfat dry milk and then incubated with the appropriate primary antibody in the blocking buffer overnight at 4uC. The blots were then washed, probed with an HRP-labeled secondary antibody (or HRP-labeled protein A) and detected using enhanced chemiluminescence (Amersham).
Amino acid analysis of protein hydrolysates and quantitation of MMA, ADMA, SDMA, and arginine. 35-180 mg of wet weight packed MEFs and 100 mL of 6 N HCl were added to a 6 3 50-mm glass tube. Hydrolysis was carried out in a Waters Pico-Tag Vapor-Phase apparatus in a vacuum vial with an additional 200 mL of 6 N HCl for 18 h at 110uC. After hydrolysates were vacuum dried, resuspended in 100 mL of water, and centrifuged to remove any debris, 75 mL was added to 250 mL of citrate buffer (0.2 M Na1, pH 2.2) and loaded onto a 0.9 3 8 cm column of PA-35 sulfonated polystyrene beads (6-12 mm, Benson Polymeric Inc., Sparks, NV). The column was equilibrated and eluted with citrate buffer (0.35 M Na1, pH 5.27) at 55uC and a flow rate of 1 mL/min. Individual fractions from 50 to 80 min that included the known elution positions of ADMA, SDMA, MMA, and arginine were then derivatized with OPA for fluorescence detection after separation on reverse-phase HPLC. Amino acids were labeled with OPA by mixing 60 mL of 1 mL cation exchange column fraction with 20 mL of 0.4 M potassium borate (pH 10.3), and 10 mL of OPA reagent (10 mg/mL OPA powder (Sigma, P0657) in 900 mL methanol, 100 mL 0.4 M potassium borate (pH 10.3), and 10 mL b-mercaptoethanol). After incubating the mixture at room temperature for 200 s, 5 mL of 0.75 M HCl was added and the sample was vortexed by hand for 5 s. The resulting fluorescent isoindole derivatives were separated and quantified using reverse-phase HPLC (HP 1090 II liquid chromatograph coupled to a Gilson Model 121 fluorometer with excitation and emission filters of 305-395 nm and 430-470 nm, respectively, and a setting of 0.01 RFU). An Alltech Adsorbosphere OPA HR (5 mm, 4.6-mm inner diameter, 250-mm length) was used with 90 mL sample injection volumes at room temperature and a flow rate of 1.5 ml/min. Solvent A consisted of 50 mM sodium acetate, pH 7.0, and solvent B of 100% methanol. Two HPLC gradients were used to optimize the quantification of MMA, ADMA, and SDMA (Supplemental Fig. 5) . In situations where the fluorometer was overloaded with too much sample, such as in the case of some fractions associated with the arginine peak, a 1000-fold dilution of the cation exchange fraction was made in pH 5.27 sodium citrate buffer. Methylated arginine species were detected based on the HPLC retention time for standards and were confirmed by spiking the appropriate standard to the sample. Graphpad was used to calculate the area under the curve for the amino acid of interest. The total amount of a certain amino acid was calculated by summing every cation exchange fraction's HPLC run that had the appropriate peak present.
